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INTRODUCTION 
Copper is an essential nutrient for all farm animals ~ however• the 
amount that must be supplied to meet requirements is affected by many 
factorse The affects of molybdenum 9 sulfate 9 zinc 9 and various trace 
minerals on the copper status of ruminants have been extensively in= 
vestigated and reviewed (Underwood 9 1962) 9 but their effects 9 alone 
and in combinations 9 are not clearly understood. 
Sheriha (1962) found that 1000 ppm of copper in the purified diet 
of Oltjen et al. (1962) did not induce toxicity in lambs during a 45-
--
day experiment. The sulfur in this diet was furnished by sulfate and 
the nitrog,en by urea. Lewis (1954) and Anderson (1956) found that 
sulfide is a normal metabolic product of sulfate reduction in the rumen, 
thus it is possible that the formation of copper sulfide could decrease 
the absorption of copper. Reilly (1961) reported that copper=ammonium 
complexes are readily formed when ammonia and copper ions are pres-
ent. The purified diet of Oltjen !!!lo (1962) would be expected to 
present optimum conditions for the formation of copper=ammonium com= 
plexes as well as the insoluble copper sulfide since urea is rapidly 
hydrolyzed to ammonia and carbon dioxide and a large amount of sulfate 
is present . These experiments were conducted for the p.urpose of de~ 
tennining the effects of sulfur and. nitrogen sources and copper levels 
on growth and retention of copper 9 nitrogen 9 sulfur 9 phosphorus. and 
calcium in lambS.. 
l 
REVIEW or LITERATURE 
Considerable research has been done on copper and its application 
to animal nutrition and health. Several workers (Elvehjem, 1935 9 
Schultze~ 1940. Marston, 1952; Davis and Loosli 9 1954; Allcroft and 
Lewis, 1957; Davis 5 1957; Matrone, 1960; Underwood, 1962) have pre= 
pared extensive summaries and reviews on copper. As many of the 
research papers in these reviews are old 9 it was felt that a rather 
complete review of the subject would be valuable, in that recent 
findings may clarify past controversies. 
The.Chemistry of Copper 
Copper is characterized by its yellow color although it appears 
green when viewed by light transmitted through a thin film of the 
metal (Babor and Lehrman 91956). It stands near the bottom of the 
activity series of the metals~ thus is easily reduced from its com= 
pounds. Dry air has no action on copper but in moist air 9 containing 
carbon dioxide 9 a green coating of copper hydroxyl carbonate is 
formedo Copper does not liberate hydrogen from hydrochloric or sul= 
furic acids 9 but nitric acid dissolves the metal rapidlyi forming 
cupric nitrate and oxides of nitrogeno Hot concentrated sulfuric 
acid is reduced by copper 9 producing copper sulfate and sulfur dioxide. 
Ammonia solution acts on copper in the presence of air to form a deep 
blue solution containing a complex ion [Cu(NH3)4++]. 
2 
3 
Copper forms two series of saltse the cupric (oxidation state of 
2+) and the cuprous (oxidation state of l+). The cupric salts are 
blue when hydrat edi whereas the cuprous salts are colorless. In gen= 
eral~ the cupric salts are water soluble 9 while many of the cuprous 
salts are insoluble in water. An exception is cupric sulfide (CuS). 
Corwin (1950) studied the ability of copper to react with ni= 
trogen 9 oxygen 9 and sulfur . In the dry state the affinity of sulfur 
and nitrogen for copper was less than that of oxygen wh ile in aqueous 
solution the order of affinity was sulfur, nitrogen 9 and oxygen. In 
a lipid mediai the affinity of these elements for copper was similar 
to that in air. Thus 9 in biological systems that are both aqueous 
and fatty, a variety of complexing reactions take place. 
The copper=ammonium complex that is formed when cupric ions 
combine with ammonia is illustrated by the following formulai 
+ 
++ This compound is an ionic one in wh ich t he Cu(NH3)4 is the posi= 
tive ion and various other ions such as c1=~ so4-e or Po4= form the 
negative species. Reilley (1961) showed that the addition of 
ammonia to a solution of cupric salt lowers the concentration of 
C ++ d' h O f (N ) ++ u an increases t e concentration o Cu H3 4 o These complexes 
are dissociated in acid solution but completely associated under 
basic conditions. 
Sources of Copper and Their .!E,~ Availabilities 
Inorganic Sources 
Several workers have investigated the absorption and excretion 
of copper from wire (Cu) 9 cupric sulfide (CuS) 9 cupric oxide (CuO)t 
4 
cuprous oxide (Cu20) 0 cupric chloride (CuC12), cupric carbonate (Cuco3), 
cupric sulfate (Cuso4) 9 cupric hydroxide lCu(OH) 2J, cupric iodide (CuI) 9 
and cupric nitrate [Cu(N03) 2]o Cupric sulfide is apparently a poor 
source of coppero Schultze et alo (l936a) found that CuS was unavail-
--= 
able to rats, but that Cu(OH) 2 and Cul were rapidly absorbedo Barber 
et alo (1961) reported that feeding pigs 250 ppm of copper as CuS did 
--
not increase their liver stores of coppero Bowland et alo (1961) re~ 
== 
ported that Sol\ of the copper in an oral dose of Cuso4 was absorbed 
from the gastrointesti nal tract of swinet but that only lo?\ of the 
copper in CuS was utilizedo Using five animals per treatment 0 Dick 
(1954a) found that sheep fed no copper had average liver copper con= 
tents of 376 ppm on a dry matter basiso Lambs fed 30 mgo of copper 
as Cuso4 had 1495 ppm of copper in their livers while those fed an 
equal amount of copper as CuS had 517 ppmo 
Chapman and Bell (1963) used several compounds containing 64cu 
in an experiment with steerso 64 The Cu content of the blood was 
used as a measure of absorptiono The blood values of steers fed the 
various copper sources by the above workers ranked as follows& 
Cuco3 > Cu(N03)2 > Cuso4 > CuCl2 > Cu2o > CuO powder> CuO needles> 
Cu wireo Approximately 2o4\ of the copper fed as Cuco3 was found in 
the urine while l ess than Ool3\ appeared from the other compoundso 
Lassiter and Bell (1960) 9 using materials containing 64cu also found 
that CuC0 39 Cuc120 Cu(N03)29 and Cuso4 were readily available to 
sheepo Copper oxide was less availabl e than the compounds listed 
aboveo Bunch ,!!~o (1961) reported that CuO was equal to CuS04 for 
growth and hemoglobin formation in swine 9 but higher liver copper values 
resulted from feeding CuS04 than when feeding CuOo The availabilities 
5 
of Cuso4, Cuco3, and CuO were found to be similar in swine by Buescher 
!!, !!.• (1961) and Allen!!,!!,• (1961). Other workers (Schubert_!!,!!,• 9 
64 1948; Kulwich et al., 1953; Mahoney et al. 0 1955) found Cu acetate, 
~~ ===-:;, .-., 
chloride, nitrate 9 and sulfate to be available as measured by absorp= 
tion 9 tissue concentration, and excretion. 
Hart et al. (1928) found that liver ash treated with annnonia was 
--
as active as Cuso4 in overcoming anemia when injected into rats. 
Harvey and Sutherland (1953) reported that copper ammonium sulfate 
increased liver storage of copper in ruminants. This limited work 
indicates that the copper in copper=ammonium complexes is available 
to animals. 
Organic Sources 
Mills (1954 9 1955 9 1956, 1957, 1958) conducted a series of experi-
ments to investigate the availability of naturally occurring organic 
copper complexes. He found that copper in plants was largely in the 
fo:rm of a copper=glycinate complex. This compound and other soluble 
complexes in the plant were absorbed intact through t he intestinal 
mucosa and were more biologically useful t han supplements of inorganic 
copper. Mills (1957) stated that feedi ng freeze=dried herbage to 
copper=deficient rats gave consistently greater responses in growth 9 
hemoglobin level 9 and liver copper s t orage t han did <losings with a 
level of Cuso4 that was equal to the total amount of copper found on 
analysis of the herbage. Mills (1958) suggested that the formation 
of water soluble complexes by rumen microorganisms may be necessary 
before copper can be absorbed. He also stated that it may be diffi= 
cult for the free ion to be absorbed from the alkaline milieu of the 
small intestine. 
The copper in wheat genn, whole wheat , alfalfa 9 brewers yeast, 
pork heart, pork liver, copper caseinate 9 glycine amide biuret, 
alanine ami de biuret, hemocyanin, cysteine cuprous mercaptide 9 copper 
aspartate, copper ci t rate 9 copper nucl einate 9 copper pyrophosphate, 
and copper sulfate was found (Schultze et al. 9 1934 9 1936a) to be 
--
readily available to severely anemic rats for hemoglobin formation. 
Only copper hematoporphyrin was found to be unavailable . This led 
Schultze et al. (l936a) to state that the availability of natural 
--
fonns of copper is apparently of l ittle pract ical importance. McHargue 
(1926) also stated that copper in green l eaves 9 seeds, and vital organs 
of animals has a greater biological potency than an equal proportion 
of a crystalline salt. 
Dye and 0 9Hara (1959) 9 Fearn and Habel (1961) 9 and Morgan!!.!!• 
(1962) have found copper glycinate to be a very successful means of 
supplying copper to ruminant s. Oral adm,i.nstrat ion and subcutaneous 
and intravenous injections have al l been successfully used with this 
compound. Twelve copper compounds 9 namely 9 sulfate 9 acetate 9 citrate, 
6 
glycinate 9 oxychl oride 9 borogluconate 9 naphthenat e 9 oleate 9 asparaginate 9 
versenate 9 caseinate 9 and ammonium sulfate were injected subcut aneously 
by Harvey and Sutherland (1953). Only the oxime 9 oxychloride 9 and 
naphthenate failed to give satisfactory liver copper storageo 
Copper in Biological Systems 
Mallory (1925) stated 9 "The reason t hat copper is so generally 
found in minute quant ities in human organs is not due t o its being a 
nonnal constituent of the tissues 9 but because man is constantly ex= 
posed to taking the met al into hi s syst em t hrough foods and drinks 
contaminated with it." Marston (1952) stated that copper is probably 
a functional part of all living cells and that the cellular concentra= 
tion of copper closely resembles that of the metabolic gradient, 
indicating a relationship between copper and cellular activityo 
The Copper Requirements of Cattle and Sheep 
A copper content of 4-10 ppm in the total ration has general ly 
been considered to meet the requirements of farm animals. Underwood 
(1962) summarized the pertinent data and stated that pastures contain= 
ing less than 4 ppm of copper induced subnormal blood and liver 
copper levels and the typical copper deficiency symptoms in cattle 
and sheep; however 9 4=6 ppm of copper met requirements of cattle and 
British breeds of sheep, while 6 ppm in the pasture was necessary for 
Merino sheep. Slightly higher requirements for sheep have been 
suggested by other workers. Beck (1941) considered 7=8 ppm to be a 
minimum requirement. Dunlop.=!_!!,· (1930) stated that 1% CuS04 • 5H2o 
in the salt (calculated to be 25 ppm in the total ration using Nat ion= 
al Research Council (1957) requirements) fed to ewes had a greater 
beneficial effect than 0.3% (7.3 ppm) in preventing swayback in l ambs. 
The National Research Council (N.R.c. 0 1958) set the copper re= 
quirements of beef cattle between 4 and 8 ppm. Harvey et al. (1961) 
=-== 
found that 4 ppm of copper maintained liver stores in cattle~ while 
Jamieson and Russe ll (1946) reported a copper deficiency in cattle 
fed a diet containing 2.5 ppm of copper. Human copper requirements 
(De, 1949) are about the same as those for cattle and sheepi but 
horses have a much lower requirement (Schuttea 1964). 
7 
The Ab~orption 9 Excretion! and Transport of Copper. 
Little is known about the mechapism by which copper is absorbed 
or the site(s) of a.bsorptiono However~ Mills (1956~ 1958) reported 
available than CuS04o The iron=copper=nucleoprotein comple~ i~©= 
l~ted from fish muscle also produced greater regener~tion of hemo~ 
globin than ionic iron or copper (Saha and Guhat 1941). These 
In contrast to iron (Bothwell et aloB 1958, Pirzio=Biroli 
,===c ~ 
intestinal tract is not regulated by body stores (Adelstein and 
ValleeID 1962)0 Tompsett (1940) observed that calcium prevents and 
hydrochloric acid enhances the absorption of copper. Gre~test ab= 
sorption of copper was obtained when the intestinal pH was less than 
4.0. This led Tompsett to state that copper is absorbed from the 
upper p~rt of the small intestine where the contents are still very 
acido Sachs ~!!,o (1943) stated that Cuso 4 introduced into Thiry~s 
fistula loops established in the intestines of dogs w.its absol1?bed Clnly 
These workers observed a prompt rise in plasma radioactivity following 
h l d o o o Af 64c h' k o d' -~ 0 ~ h t 6 O~a ~ ffi1fi1St~at10TI v U W 1Cu 1fi 1CateS ~~Orpt10fi AVOID t"e 
uppe~ alimentary tracto 
9 
Copper is unlike iron not only in its absorptionJ but also in its 
emcretion. Once iron is absorbed it is lost only in minute quantities s 
except through bleeding® while copper is continually lost 9 at a slow 
rate@ through the stool. Gubler (1956) suggested that copper homeo= 
statis in man is accomplished by an adjustment of the rate of e%crea 
tion to that of absorption. However, Boughton and Hardy (1934) stated 
that in sheep 0 copper is eliminated at a rate so slow that animals 
continued to die from chronic copper poisoning for five months after 
the source of copper was removedo Beck (1963) observed similar results 
with sheep 0 but found that rabbits lost the metal very rapidly from 
the liver. Rats are apparently similar to sheep in their ability to 
store copper (Boyden et al., 1938). These differences in ability to 
~~ 
excrete copper from the body may explain species and breed differences 
in susceptibility to copper toxicity. However 0 Beck (1961) reported 
that the high liver copper of the duck was not due to an inability 
to regulate storage~ as injected copper was rapidly excreted. 
Comar et al. (1948) used 64cu to estimate the amount of copper 
===> 
copper was found in the feces and 5% in the urine. A similar red 
tention of copper (20%) has been reported by Chapman and Bell (1963)0 
The possibility that a considerable proportion of the copper in the 
feces may have been absorbed and later excreted into the intestine 
has been excluded by the observations of Comar et al. (1948) th~t 
== 
only 3% of an intravenous dose was found in the stool. 
Bile always contains copper and is the main vehicle for its 
removal from the liver (Flinn and Inouyet 1929). The importance of 
10 
the liver 9 kidney, and intestinal wall in the excretion of 64cu from 
dogs was investigated by Mahoney et al. (1955). The bile duct was 
"""""'"""""" 
ligated and the flow of bile diverted into the urinary bladder. About 
7~10% of an intravenously administered dose of copper was e%creted in 
the bile@ about 1.5% passed directly through the intestinal wall. 9 and 
about 0.6% was excreted in the urine. Leverton and Binkley (1944) also 
suggested that the intestinal wall peI'fflits only one=wa.y passage of 
coppe~. Scoular (1938) 9 Comar (1950) 1 Porter (1951), and Beck (1956) 
stated that urine is not a major eKcretory pathway for copper and that 
normally less than 3=4% of the dietary copper will be found in the 
urineo 
Other pathways of copper excretion have been investigated. Mitchell 
and Hamilton (1949) found a negligible quantity of copper in human pe~s~ 
piration. Milk is low in copper with values between 0.15 and Oo60 ppm 
being reported (Cox and Mueller~ 1937; Elvehjem et al. 9 l929a, 
== 
Grebennikov et al.@ 1964). Eggs are low in copper (0.5=0o7 ppm) and do 
== 
not offer a major pathway of excretion for poultry (Elvehjem et alo~ 
== 
1930; Smith and Gray~ 1948). 
Gubler et al. (l953a) reported that 82=96% of the copper in plasma 
"""""'""""" 
iilll protein bound and will not react with diethyldithiocarbamate soluticma 
Keilin (1938) and is termed ceruloplasmin. It contains about Oa34% 
and Morell~ 1964)0 
ll 
The administration of copper 9 either orally or by injection 9 pro-
duces a slow rise in plasma copper 9 followed by a rapid fall in about 
4-5 hours and a slower secondary rise (Earl et alo 9 1954; Bearn and 
--
Kunkel 9 1955). Much of the copper in the initial rise is loosely 
bound to albumin and reacts directly with diethyldithiocarbamate, while 
that in the secondary rise is in the ceruloplasmin form (Gubler !!,.!!,o, 
l953a)o It has been suggested (Adelstein and Vallee, 1962) that the 
loosely bound albumin copper is a transport form and is easily deposi-
ted in the liver and other organs. Red blood cell copper remains 
constant and is not greatly affected by the copper status of the in-
dividual (Cartwright !! .:!.,• 9 1948; Wintrobe !!, .!!,• 9 1953; Bush!!,!.!.•• 
1956)0 
Copper Levels in Animal Organs 9 Tissuesi and Fluids. 
Table I shows the copper content of the liver, heart, lungs 9 
spleen. and kidney of several species of animals. The heart, lungs, 
spleen, and kidney are quite uniform in copper content and differ~ 
ences between species are small. Liver copper is quite variable and 
species differences do existo Beck (1956) reported that the livers 
of man 9 rats, rabbits , whales~ snakes, cats, dogs 9 foxes, kangaroos 9 
pigs, emus, crocodiles, and fowl usually contain 10~50 ppm of copper 
on a dry basis. However, the livers of sheep, cattle 9 ducks 9 frogs 9 
and fish contain between 100 and 400 ppm of coppero 
Underwood (1962) stated that the pituitary, thyroid, and thymus 
are examples of glands with a low copper contento The spleen and 
lungs are organs with medium copper content while the liver 9 heart 9 
kidneys, hair 9 and brain 9 in that order 9 are highest in the metal o 
Widdowson (1950) also reported that the liver contained a greater 
12 
TABLE I 
THF.-COPPE~ CONTENTa. OF ORGANS FROM DIFFERENT SPECIES (CUNNINGHAMg 1931) 
rerea z.1 m e - 5_ nmu :_ :· :; L -g ;, : _g; ; ;: * 
Species Liver Heart Lungs Spleen Kidney 
b Human, adult 24o9 s.2 17.5 
Bovine, adult c 77.0 15.6 5.3 2.9 19o1 
Bovine, newborn 470.0 1408 4Q9 408 15.7 
Bovine® foetus 262.8 10014 3.6 5.4 805 
Sheep~ adult 236.6 17.9 906 s.o 17.8 
Hor:se 0 adult0 14.8 17.6 6.8 3.2 28.9 
Pig~ adult 0 4lo3 14.9 5.3 600 21.1 
Pig® few days old 232.8 12.8 3.4 6.1 l4o7 
DO@.h 9 days old 98.2 17.4 6.2 14.2 
Cat~ adultc 25.3 14.4 3.8 s.2 10.1 
Guinea.,,,pig© adult 17.0 21.2 9.5 19.9 
Rabbit, adult 9.2 22.3 8.1 13.7 
Rat~ 90 c 10.0 27.8 9.5 Bal 22.6 gtflo 
Badger, adultc 2lo 7 12.8 5.6 3o0 9o4 
Domestic fowl 0 adult c 12.4 14o9 2o4 llo'1 
e:t:t~~~eee,, ~ ., ,~~-.... 
aMeasn1red. in ppm on a d:ry basis 
b Avel'age o:f 3 series of analyses 
c Average of 2 series of analyses 
proportion of the body's copper than any other tissues measured. In 
addition to the values reported in Table I, several other workers have 
reported "normal" values. Schultze !!, !!,• ( l936b) showed pig liver 9 
spleen, and ribs to contain 4lo9, 8.1,and 6.9 ppm, respectively. 
Bruckmann and Zondek (1939) reported 34.6 ppm as the normal value for 
human liver, while Ryley et al. (1961) stated that sheep livers con= 
--
tain more than 100 ppm. The copper content of tissues such as the 
13 
eye (Bowness et al., 1952; Bowness and Morton, 1952) have been studied. 
--
These workers reported that the iris of trout contained 105 ppm; 
wherease in sheep it contained only 50 ppm. 
The various organs of the body vary in their ability to store 
copper. Lindow et al. (1929b) fed rats 5 mg. of copper per day and 
--
observed approximately 1.6- 9 2- 9 5= 9 and 20-fold increases in bonej 
kidney, spleen, and liver copper concentrations 8 respectively. Little 
change i n heart, brain 9 muscle 9 and skin copper was observed. Under~ 
wood (1962) stated t hat conditions of copper excess or deficiency 
do not greatly affect the copper content of the endocrine glands® 
muscles~ brain 9 heart 9 and skin. However, a high copper intake i n= 
creases the copper in liver 9 kidney 9 spleen, and lungs while i n ded 
ficiency t he blood 9 liver 5 kidney 9 spleen, and hair copper contents 
are rapidly reduced. 
Reports showing t he copper content of whol e blood from various 
species are summarized in Table II. The average copper level in the 
blood of pigsi sheep, cattle , and man is about 110 mcg. per 100 ml. 
Several species i such as the chicken, duck 9 kangaroo 9 frog, and salmon 
have much higher blood copper levels. Cartwright (1950) reported the 
TABLE II 
THE COPPER CONTENT OF WHOLE BLOOD FROM NORMAL, MATURE 
INDIVIDUALS OF DIFFERENT SPECIES 
14 
~~~ 
t-'f:•...:.:e,,.•·1 ,-~-~--~ 
Species m\\;,go/100 mlo Reference 
~~~ M¥10o 
Man Kehoe et alo (1940) 114 
=== 
185=229 Man Tompsett (1934) 
70=117 Man Lahey ~ .!!,• 0953a) 
Horse 50 
179=208 
156=180 
Sheep 75=135 
80=200 
Cow 70=170 
Cow 180=223 
Pig 165=181 
Pig 103 
139=155 
Guinea pig 40=58 
179=192 
110=470 
220=450 
270=390 
250=670 
1450=640 
Elvehjem ~ ~o 
Tompsett 
Tompsett 
Beck 
Albiston et alo 
Beck 
Tompsett 
Tompsett 
Kehoe et alo 
Tompsett 
Beck 
Tompsett 
Beck 
(1929b) 
(1934) 
(1934) 
(1956) 
(1940) 
(1956) 
( 1934) 
(1934) 
( 1940) 
(1934) 
( 1956) 
( 1956) 
( 1956) 
Back (1956) 
Beck (1956) 
Back (1956) 
following values 9 in mcg. per 100 ml., for whole blood, plasma, and 
cellular copper in normal, adult humans: 93.9 1 109.5, and 75.4, 
respectively. 
Dempsey!!.!!.• (1958) stated that there was a high correlation, 
although a value was not reported, between plasma and liver copper. 
Other workers (Loosmore and Allcroft, 1951; Dent !!.!l.•, 1956; Hill 
et al. 9 1962; Steinberg, 1964) have stated that blood and plasma 
--
copper do not consistently reflect liver storage. Hill!!..!!.• (1962) 
reported that when serum copper values were below 40-50 mcg. per 100 
ml. the liver copper values were below 10-20 ppm, but when serum 
copper values were above 40-50 mcg. per 100 ml. a wide range in liver 
stores was found. Hemingway!!!!.• (1962) reported a correlation of 
0.64 between blood and liver copper when liver contents were less than 
50 ppm. A similar correlation (0.53) was reported by Hemingway.=.!!!.• 
(1964) when liver contents were less than 25 ppm. MacPherson et al. 
--
(1964) stated that blood copper contents were below 70 mcg. per 100 
ml . when liver contents were less than 50 ppm. Normal and high liver 
copper levels were not highly associated with blood copper levels. 
Copper s t orage is uniform throughout the liver (Eggers and Mercedes, 
1964). Pl asma copper is apparently a better indicator of change in 
copper s tatus than blood copper since Wintrobe !;,!!!,• (1953) found 
t hat during copper deficiency in pigs the reduction in plasma copper 
was much greater than the reduction in cellular copper. 
Factors Affecti ng Copper Absorption and Tissue Levels. 
Age, certain hormones, pregnancy, and some diseases affect the 
concentration of copper in tissues and blood. There is apparently no 
15 
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sex influence on copper storage (Underwood, 1962) other than in the 
salmon (Beck, 1956). However 9 pregnancy produces a two- to three= 
fold increase in the serum copper of women (Johnson, 1961), but there 
is apparently no change in the blood copper of pregnant ewes 
(McDougall 9 1947b)o In contrast, Butler and Barlow (1963) reported 
lower plasma copper contents of pregnant ewes. 
In all species studied, except sheep, the copper content of the 
liver is higher at birth than in the adult (Wilkerson, 1934 9 McFarlane 
and Milne 9 1934, Bruckmann and Zondek 9 1940). Lorenzen and Smith 
(1947) reported copper contents of liversi in parts per million, from 
guinea pigs, rabbits, and rats of 67 9 37 9 and 58 in newborn and 23, 
23 5 and 34! respectively in adults. Nusbaum et al. (1958) reported 
--
values on the copper content of human livers at different ages. These 
values were~ 0 to 3 months 9 32409 ppm 9 and 3 months to 1 year, 23.5 
ppm. Sheep are the exception and an average value for newborn lambs, 
as reported by Cunningham (1946a), is 168 ppm. McDougall (1947a) re~ 
ported a similar value for newborn lambs and observed that mature sheep 
had liver values as high as 600 ppm. 
Blood copper 9 urine output of coppert and liver stores of copper 
are affected when the basal metabolic rate of an ani mal is altered. 
Kozelka and Pedrero (1952) stated that hypophysectomized rats and 
rats with alloxan diabetes have an increased urinary copper output. 
Robertson and Broome (1957) observed that the adminis tration of thy= 
roxine elevated blood copper by 75% and that t hiouraci l lowered blood 
copper by 50% in sheep. Diethylstilbestrol also caused a significant 
increase in serum copper in swine (Cox and Hale, 1960). Markowitz 
et al. (1955) and Gubler et al. (1952a) observed a rise in bl ood 
~~ ~~
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copper® but n,o increase in red cell copper, in animals with bacterial 
and turpentine infectionso The rise in blood copper was not observed 
when a low copper diet was fed. 
Three maladies are known that produce hypocupremia in humans~ 
but none have been shown in farm animalso These ailments areg 
Kwashiokor or dysproteinemia (Lahey 9 1957, MacDonald 9 1961)~ Wilson= 
Uzman°s disease (Lahey et al ., l953b, Bearn, 1957), and the nephrotic 
--
syndrome (Cartwright !!!l•• l954a). Brenner (1959) stated that worm 
infestations in dairy calves significantly lowered blood and liver 
copper . Hypercupremia has been observed in several pathological and 
nutritional conditions (Locke !!!!.•e 1932, Cartwright, 1950). These 
conditions i nclude leukemia, Hodgkin 9s disease, virus and microbial 
infections, myocardial infarctions, thyrotoxicosis, pernicious anemia, 
sickle cell anemia 9 diabetes 9 carcinoma, hyperthyroidism 9 hemochroma~ 
tosis~ malaria, portal and biliary cirrhosis, iron deficiency anemias 
allergic reactions, and arsenic poisoning. 
Coppe Containing Pigments and Enzymes 
Turacin 0 the red pigment found in t he feathers of an African 
bird 9 is an example of a copper porphyrin (Rimington 9 1939). Cupro= 
proteins which have been isolated and characterized include hemocyanin 
(Redfield 9 1950) 0 erythrocuprein (Markowitz !!,,~•g 1959) 0 hepatocuprein 
(Mohamed and Greenberg 0 1954) 9 and mi lk copper protein (Dills and 
Nelson 9 1942). 
The following enzymes either contain copper or it is associated 
in their activities, cytochrome oxidase (Keilin and Hartree 0 1938; 
Wainio !!~•s 1958, Griffiths and Beinert 9 1961), uricase (Mahler !!!:!: 9 
1955) 9 tyrosinase or polyphenol oxidase (Keilin and Mann, 1938; 
Mallette, 1950; Fritzpatrick et al., 1950; Kertesz and Zito, 1957), 
--
glutathione oxidase (Ames and Elvehjem, 1945), butyryl coenzyme A 
dehydrogenase (Mahler, 1953 9 1954) 9 catalase (Schultze and Kuiken 9 
1941; Adams, 1953) 9 o~aminolevulinic acid dehydrase (Iodice et al., 
- ...,..., 
1958) 9 ascorbic acid oxidase (Dawson, 1950; Dunn and Dawson, 1951) 9 
laccase (Nakamura, 1958), and S=mercaptopyruvate transsulferase (Kun 
and Fanshier, 1959). Another copper containing protein has been 
isolated from sheep's hide that catalyzes the aerobic oxidation of 
L-cysteine (Scaife, 1956b). 
Copper Deficiency 
Because of their low copper contents, milk and skeletal muscle 
have been. used in rations where it was desired to produce an experi= 
mental copper deficiency (Waddell!!~· 9 1929; Foster, 1931; Moore, 
1962)0 Nearly all other food materials normally contain sufficient 
copper (Lindow et al.® 1929a; Greaves and Anderson 9 1936) to meet 
"'"""" ......... 
daily requirements. Neal et al. (1931) were the first to demonstrate 
......, """"' 
that a deficiency of copper occurs in livestocko Bennetts (1932~ 
1933), Bennetts and Chapman ( 1937) ~ Bennetts and Hall ( 1939 ) 9 and 
Filmer ( 1933) reported early observations on copper deficiency i n 
Australia. Later reports (Stewart, 1932; Sjollema 0 1933 9 19389 Innes 
and Shearer , 1940; Cunningham, 1944; Allcroft, 1946; Davis , 1950; 
Henderson, 1957; Jensen et al., 1958) have shown that it exists in 
--
Great Bri tain 9 New Zealand, South Africa , Sout h America, Canada, the 
Netherlands, Czechosl ovakia 0 Finland , Florida , and Colorado. 
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Copper deficiency has been referred to by many names. Bush sick-
ness in New Zealand, nakuruitis in Kenya, salt sick in Florida, pine 
and teart in Scotland, coast disease, enzootic ataxia . and enzootic 
marasmus i n Australia, falling disease i n Africa, and licking disease, 
swayback, ·swingback, and steely wool in Europe are all terms applied 
to the diseaseo 
Exter nal lesions 
Marston ( 1950) stated t hat the earl iest symptoms of copper defi= 
ciency in sheep are t hose associated with the wool. Copper is respon= 
sible for the catal ytic oxidation of the - SH group in prekeratin pro-
tein to the -ss- group of keratin in wool and hair. The failure of 
t his reaction to take pl ace during a lack of copper produces "steel y" 
wool in sheep. Marston et al. (194Ba,b) 9 Marston and Lee (1948) 9 and 
--
Lee (1956) have reported that 5 mg. (about 5 ppm) of copper daily was 
not sufficient t o mai ntain the crimp of Merino sheep wool ~ although . it 
was enough for normal r eproduction. Other workers (Keil and Nelson! 
1931; Cunningham, 1949; Hundl ey 9 1950 ) have report ed a l ack of pig= 
mentation of t he hair coa t of cattle 9 rats, and sheep during copper 
deficiency. This loss of pigmentation is due to a decreased tyrosinase 
activity duri ng copper deficiency (Fresch~ 1949; Lerner!!~·~ 1950) . 
This enzyme is r esponsible for the convers i on of tyr osine to the pig= 
ment melanin. 
Other gross deficiency symptoms ~hat have been described (Bennetts 
et al . 9 1941; Davis et al. 9 1946; Allcroft and Parker ~ 1949 ; T~ague and 
~~ ~~ 
Carpenter 9 1951; Dye and 0 9Hara 9 1959; Dutt and Mills i 1960) are as 
follows& severe s cours, muscular weakness ~ incoordination 0 a tucked up 
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and pained appearance, low milk production, lowered fertility, marked 
stunting of young stock, rough hair coat, depraved appetites, ricket-
like swellings of the long bones 9 fractured bones in older cattle, 
lack of rigidity in leg joints, hocks excessively flexed 9 crooked fore= 
l egs, arching of the back, and sudden death. In addit i on to these 
symptoms, Davis (1951) stated that up to 10% of the calves born t o de= 
ficient cows may have enlarged heads, missing bones, and abnormally 
formed bones. 
Internal lesions 
Copper analyses of various body tissues and fluids are generally 
accepted as sensitive indicators of copper deficiency. Cattle defi= 
cient in this metal have plasma copper levels of less than 50 mcg. per 
100 ml. and liver levels of less than 30 ppm (Bennetts !:!, .!!,•, 1948 ; 
Jamieson and Allcroft 9 1950; Senior 2!,!!•t 1954; Alexander and Harvey, 
1957). Mills et -al. (1963) reported blood values of 120 and 50 mcg. 
="""""" 
per 100 ml. for normal and deficient cattle and liver levels of 152 
and 17 ppm on a dry basis for similar an i mals. It has been stated 
(Eden g 1941) t hat ewes with blood copper levels of 70 mcg. per 100 ml . 
may bear ataxic l ambs. Howell and Davison (1959) reported normal val= 
ues for liver 9 kidney 9 frontal pole (brain ) 9 cerebellum 0 caudate nucleus 0 
and cerebral white matter of 109.08 0 13.45~ 15 .53 9 15. 75Q 19 . 26 9 and 
8.15 ppm 0 respectively. Copper levels in deficient lambs for respec= 
tive tissues were 16.14 0 15.79 5. 37 0 4.04i 16.0, and 1.70 ppm. Swine 
apparently are able to exhibit lower blood copper levels and still 
appear normal. Schultze et al . (1936c ) reported that in pigs a blood 
"""""""""' 
copper l evel of 20 mcg. per 100 ml. is sufficient for slow hemoglobin 
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formation, but that hematopoiesis stops if the level falls below 
10 mcg. 
Anemia is always produced during copper deficiency (Elvehjem and 
Hart 9 1929, 1932; 0 9 Dell et alo , 1961)0 This anemia has been described 
-=-
as normocytic 9 normochromic in dogs (Maass!!~·, 1944; Van Wyk !!~· 9 
1953) 9 macrocytic 9 hypochromic in ruminants (Marston .!!,!1,•s l948a) , 
and microcytic, hypochromic in chickens (Hill and Matrone, 1961) 0 rats 
(Smith and Medlicott, 1944) rabbits (Smith.=!,~·, 1944) 9 and swi ne 
(Cartwright et al., 1956). A reduced number of cells has been observed 
- _..,, 
in all species. 
Several compounds of biochemical interest have been found to be 
affected by a lack of copper. Cytochrome oxidase (Schul tze 9 1939; Van 
Reen, 1954; Mills and Williams, 1962) has been of special inter~st be~ 
cause of its key role in the electron transport system. Schultze (1941 ) 
suggested that the cytochrome oxidase activity of bone marrow is re~ 
quired for hematopoiesis and anemia is produced because copper is essen= 
t ial for t he formation and maintenance of cytochr ome oxidase. Gubl er 
et al . ( 1957) report ed t hat t he glutat hi one content of liver was reduced 9 
- """""" 
uric acid and all antoin excretions were i ncreased ~ total tissue i ron 
was r educed i and heart weight was increased 200% during copper deficiency . 
Cytochrome a has been found t o be great l y reduced and cyt ochromes band 
c slightl y reduced duri ng a l ack of t hi s metal (Cohen and Elvehjem~ 1934)0 
Gallagher et al. (l956a 0b ) have assayed for a wi de variety of enzymes 
--
and metabol ic and products in ·copper deficient rats. Phospholipid 
synthes i s was depressed due t o fail ure of acyl CoA t o condense with «= 
gl ycero=phosphate. Long=chain fatt y acid and RNA synt heses were normal . 
The« hemoglobin fraction was almost compl etel y absent i n copper deficient 
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tissue and the mitochondria were susceptible to aging due to a loss of 
nucleotides and glutathione. These workers stated that during copper de-
ficiency mitochondria lose the capacity to oxidize any substrate due to 
low cytochrome oxidase activity. Tsai!!.!!: (1964) also reported that 
deficient guinea pigs had reduced phosphorus concentrations in the lipid 
fraction of the brain. 
Pathological changes that have been reported during copper defi-
ciency are: spleen parenchyma are atrophied, blood volume is reduced, 
all tissues are pale, the heart is flabby and lacks tone (Neal.!:.!~·• 
1931); demyelination of the central nervous system, degenerate nuclei, 
axones, and dendrites of the large motor neurons (Jensen et al., 1958; 
--
Fell.!!...:!.•, 1961); abnormally shaped erythrocyte nuclei in birds 
(Simpson!!...:!.•, 1963); thickening of Bowman's capsule of the kidney, 
accumulation of cellular debris in the subcapsular space, and degen-
erate glomeruli surrounded by fibrous tissue (Blakemore and Venn, 
1950). Other workers (Bennetts!!.!.!.•• 1942, 1948) have reported ab-
normalities of the heart such as: pal e myocardium, fibrosis of t he 
myocardium, and atropy of heart fibers. Shields et al . (196 2) con~ 
--
eluded that copper is needed for the mai nt enance of the s t ructural 
elements of the heart and arteries . Thi s i s s upport ed by t he work of 
Tsai et al. (1964) and Starcher et al. ( 1964a ) who report ed r educed 
~~ ~~
elas tin contents of aortas from copper de f i cient animal s . 
Copper Toxici ty 
Copper poisoning is usually not produced by native foods, but by 
overfeeding of copper salts in worming agents (Bought on and Har dy , 1934), 
i ndustrial contamination in the vicinity of copper mines (Garner, 1957) , 
and by grazing orchards af ter spraying wi t h bordeaux mixture (Muth, 1952). 
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Cattle are much more resistant to copper poisoning than are sheep 
(Ferguson, 1943; Cunningham, 1946b 1 1950). The~e are also breed differ= 
ences in sheep, as the British breeds are more prone to copper poisoning 
than are pure Meri nos and Border=Leicesters (Albiston et alo 9 1940, 
- _..,, 
Marston and Lee 9 1948; Marston, 1952)0 Swine can apparently withstand 
larger amounts of copper than cattle or sheepo In fact 9 several workers 
have reported that the addition of 150 to 250 ppm of copper to t he diets 
of swine had beneficial effects (Mitchell 9 1953; Barber et alo 1 1955ai) 
--
b; Bowl er et al. 9 1955; Allen et al. i 1958, 1961, Hawbaker et al. 9 196i). 
~~ ~-:s:i ~~ 
Garn'er ( 1957) stated that t he toxic single dose of Cuso4 adminis= 
tered orally to sheep was approximately 20 mg. of copper per kg. of 
bqdy we i ght, whil e in cattle this dose is about 200 mg. per kgo of body 
weighto The daily intake of copper required to ultimately be toxic 
(chronic copper poisoning) to sheep is very small. Garner (1957) re~ 
ported that the addition of 25 mg. of available copper to a normal 
daily ration for sheep can produce dangerous amounts of liver storageo 
The high resistance of cattle to copper t oxicity was illustrated by 
Kidder (1949) when a 500 lbo steer was fed 5 gm. of Cuso4 ·daily for 
122 days before death occurred. 
Several compounds have been tested in an attempt to increase t he 
excretion of copper from human tissue (Walschei) 1956, Cumings 0 1962 ) . 
Two compounds that increase copper excretion via the urinei) and may 
be useful in animal nutrition 9 are dimercaprol (British antilewisite) 
and penicillamine. Bull et al. (1956) have also used FeS to reduce 
'""""'""""" 
copper stores in sheep. 
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External lesions 
Boughton and Hardy (1934) and Rose and Edgar (1936) were among the 
earliest workers to report observations on copper poi soningo Chapman 
et alo (1962) reported antemortem symptoms in cattle as i loss of weight, 
--
weakness 9 incoordination, dullness 9 yellow coloring about the eyes and 
nostrils 8 and hemoglobinuria. A bloody nasal discharge (Garner• 1957) 
is often observed in addition to hemoglobinuriao 
Internal lesions 
The main postemortem findings of copper poisoning are generalized 
icterus and hemolysis . The liver is slight ly enlarged, yellow in color,, 
and friable 9 and the gall bladder is distended with a very viscous 
liquid (Kidder, 1949; Jones 9 1954) . The spleen is enlarged, soft 9 and 
dark colored 9 while the kidneys are enlarged and show hemorrhagic 
mottling when removed from the capsuie . The lungs are often poorly 
collapsedo There may also be excess pericardia! fluid and epicardial 
hemorrhage (Garner 9 1957). 
Chapman et alo (1962) observed onl y s l ight 0 if any 0 histopatholo= 
-==-== 
gical changes due to copper toxicity in the esophagus 9 rumen wal ls 
omasum 9 abomasum 9 gall bladder 9 pancreas 9 lung 9 hearts and skeletal 
muscle. These workers reported liver necrosis and fatty and albumi= 
nous degeneration of the liver and kidneys. 
The hemolytic crisis that is the cause of. death in copper poison= 
ing has been associated with the liberation of large amounts of copper 
from the liver. The blood copper level may rise. above 200 mcg. per 
100 mlo a short while before death (Sutter !!,!!,• 9 1958). Todd and 
Thompson (l963a) did not agree t hat the elevated blood copper per!! 
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is the cause of hemolysis or methemoglobinurea. These workers reported 
the blood copper to be 5-20 times normal, blood glutathione about zero, 
and methemoglobin about 5 gm. per 100 ml. Todd and Thompson (l963b) 
have also shown that serum=glutamic=oxaloacetate transaminase activity 
is elevated several weeks prior to the hemolytic crisis. 
The analysis of liver is of value in the diagnosis of copper 
poisoning. Albiston!!,,:!.• (1940) stated that the liver copper content 
of normal sheep rarely goes over 500 ppm on a dry weight basis. From 
liver copper analyses of 12 sheep that had died of copper poisoning 9 
two were under 1000 ppm 9 two between 1000 and 2000, and eight over 
2000 ppm. Shand and Lewis (1957) reported similar values for cattle 9 
as the copper content in dry liver of all deaths was over 1300 ppm. 
Iron 
Interactions of Copper With Other Minerals, 
Vitamins 9 and Protein 
The blood of copper deficient animals contains less than normal 
amounts of hemoglobin (Hart et al. 0 1928; Lahey et al . 9 1952) and de= 
~~ ~~ 
creased numbers of erythrocytes (St ein and Lewis 9 1933, Smith and 
Medlicott 0 1944). Cassidy and Eva (1958) have also observed lowered 
hemoglobin contents of pigs fed high copper diets. Hill and Matrone 
(1961) stated t hat the main function of copper appears to be in main= 
t aini ng a normal hematological picture i n relation to the production 
of red bl ood cells and may have littles if anyt hing 9 to do wit h the 
actual production of hemogl obin. In cont rasti Anderson and Tove (1958) 
reported t hat copper was needed for the synthesis of "haem" ~ vitro. 
The Utah workers (Cartwri ght 0 1950, Chase !!!l•i l 952a 9b; Gubler 
e t al. ~ l952b 9c; Wintrobe et al. 9 1953) have reported extensive studies 
~~ ~~ 
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on the influence of copper on iron absorption and metabolism in pigs 
and ratso Their data have shown that there was no lowering of liver 
iron in copper deficient rats if iron was injected parenterally; copper 
deficient swine, fed ample iron, had low total body iron contents; 
copper alone did not overcome copper deficiency anemia; iron was not 
absorbed from the intestine if tissue copper was low as the amount of 
copper in the tissues, but not in the feed, influenced the amount of 
iron absorbed; plasma iron values increased when copper deficient swine 
were fed a diet containing copper, but not iron which indicates that 
copper is concerned with the mobilization of iron from body tissue; 
and large dQsP.s of iron injected parenterally did not overcome the 
anemia which suggested that copper deficient swine could not properly 
metabolize or incorporate iron into the hemoglobin moleculeo Muntwyler 
and Hanzal (1933) also suggested that copper was required for the mo= 
bilization of iron from body tissueo 
Molybdenum and Sulfur 
Molybdenum is an essential el ement in that it is required for 
xanthine oxidase activity (DeRenzo .=!, alo 9 1953; Totter.=!, !!,o, 1953). 
However 9 in the United Kingdom 9 Australia, New Zeal and 9 the Netherlands® 
and Florida conditions exist where the molybdenum level of pastures is 
high (20=100 ppm, dry basis) 9 while t he copper content (5=20 ppm) is 
low to normal ( Ferguson .=!, ~o ® 1938 i 19.43; Lewis 9 l943a 9b; Stewart .=! 
!!,,0 8 1946)0 The condition produced in these areas is referred to as 
teart in cattle and swayback in lambs. Lewis (l943a 9b) stated t hat 
acid soils do not produce teart forage even if the molybdenum content 
is high 9 and that clovers have a great ability to absorb molybdenum 
from the soilo Cattle are more sensitive to molybdenum excess than 
sheep (Cunningham!!.!!..•• 1~59). Data by Jeter and Davis (1951) and 
Kratzer (1952) have indicated that non- ruminants (chickens and rats) 
can s t and higher level s of mol ybdenum than ruminants. 
The interaction between molybdenum, copper , and sulfat e was firs t 
studied by Dick and Bull ( 1945) and Dick (1952 , l 953a,b 9 c )o Dick ' s 
observations on gains and blood , and liver copper and mol ybdenum 
l evels with sheep fed chaffed l ucerne and chaffed oat en hays (hi gh and 
l ow sul fate, respectively) contributed much background information for 
fur t her studies in this area . The molybdenum=copper int eraction may 
be quite different, depending on the level of inorganic sul fate in 
t he diet. When the sul fat e cont ent of the rat ion is low , hi gh l evel s 
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of molybdenum may increase blood and liver copper (Wynne and McClymont , 
1955; Allcroft and Lewi s , 1956; Miller !!!!.•s 1956). With adequate 
copper and l ow molybdenum levels , hi gh sulfate r at ions will res ult in 
a depletion of copper f rom body tissues (Wynne and McClymont 9 1955 9 
1956 ; Mylrea 9 1958; Evans and Davis, 1963 ) . A combina tion of high 
molybdenum and sulfate also result s in a depletion of bl ood and liver 
copper (Cunningham et al., 1959; Harvey et a l ., 1961)0 In contrast 9 
~~ -=:ic:, ~ 
Underwood (1962 ) stated that neither mol ybdenum nor sulfate alone in= 
t erferes with copper retention. 
Dick (1954b ) observed a l oss of crimp in the wool of sheep wit hin 
seven days after feedi ng high molybdenum and sulfate dietso He also 
noted t hat bl ood copper levels were elevated (Table III) 9 but the 
copper was apparently not available as indicated by the copper deficient 
character of t he wool. Dick (l956a) summar ized t he available data by 
stating that under conditions of hi gh mol ybdenum and sulfate i nt ake 9 
TABLE III 
THE EFFECT OF MOLYBDENUM-AND SULFATE INTAKE ON BLOOD COPPER LEVELS 
IN SHEEP FED 10 MGo OF COPPER PER DAY (DICK, l954b) 
Molybdenum intake Sulfate intake Percent increase in 
mgo/day gmo/day blood copper 
15 lel lo4 
15 108 lol 
15 3ol 9o7 
15 5o7 1506 
30 lol 5o2 
30 lo8 9o0 
30 3ol l5o3 
30 5o7 l6o7 
60 lol l5o3 
60 l.8 l3o5 
60 3ol 26ol 
60 5.7 67 • .1 
90 1.1 25o3 
90 lo8 30.3 
90 3.l 46.l 
90 5o7 74ol 
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the absorption of copper is reduced and tissue stores become depleted 
to a state of copper .deficiency. There is no effect on blood copper un-
less the molybdenum intake is sufficientiy great, that in spite of high 
sulfate intake 0 the concentration of molybdenum in the tissues becomes 
high enough to block copper excretiono When this occurst the absorp-
tion as well as excretion of copper is hJ.ocked and copper is mobilized 
from the animal's reserves. As the concentration of copper in the blood 
increases, the mobilization of storage copper is stopped by a mass 
action effecti and despite high blood copper and only slightly lowered 
liver copper levels, copper deficiency will occur. 
As stated above, many of the symptoms produced by high molybdenum= 
high sulfate diets are similar to those of copper deficiency (Kulwich 
et ales 1953) and are overcome by adding copper to the diet (Neilands 
......,,......, 
et al., 1948)0 Other workers, however, have suggested effects of high 
--
mol ybdenum intakes other than on copper metabolism (Britton and Goss, 
1946; Van Reen and Pearson, 1954)0 Mills et al. (1958) have studied 
--
metabolic effects of molybdenum toxicity in the rat and found that 
liver uricase, sulfide oxidase 9 and kidney alkaline phosphatase acti= 
vities were depressed~ while glucose=6=phosphatase and liver alkaline 
phosphatase activities were elevated. Femur alkaline phosphatase ac= 
tivity is also depressed (Johnson and Miller 9 1961). Cunningham and 
Hogan (1959) stated 9 "Since the symptoms associated with molybdenum 
excess are those of copper deficiency and since it has been shown that 
there is no evidence of direct toxicity of molybdenum, it would appear 
that high molybdenum in pasture is likely to be harmful only when con= 
dit ions are right for molydenum to induce a pathological copper defi= 
ciency in grazing sheepo 11 
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The work reported above has been followed up by studies to determine 
the mechanisms underlying these interrelationships. It has been indi-
cated that methionine supplements protect against molybdenum toxicity 
in sheep (Scaife, 1956a). Van Reen and Williams (1956) suggested that 
this effect of methionine was due to its oxidation to sulfate 9 since 
orally administered sulfate, thiosulfate 9 cystine, or methionine had 
protective effects against molybdenum when fed to rats. These compounds 
reduced the content of molybdenum in the urine and tissues! which 
suggests that sulfates prevent the absorption of molybdenum. This 
effect of sulfate on molybdenum absorption has also been reported by 
Ferguson et alo (1938), Dick (1956b) 1 and Underwood (1962). 
=--
Lewis (1954) and Anderson (1956) have shown that sulfide is a 
normal metabolic product of sulfate reduction in the rumen. Lewis 
(1954) reported that the normal sulfate-sulfur content in the dry 
matter of grass is about Oo3% 9 but may go as high as 1.0%. He 
suggested that H2s was an intermediate in the reduction of sulfate and 
t hat 70=100% of the sulfate in the rumen is converted t o sulfides. 
Halverson.!!!!: (1960 ) 9 in an attempt t o determi ne t he mechanism of 
the molybdenum=copper int eraction i reported t hat excess molybdenum 
depressed growth and produced anemi a and diarrhea i n r ats fed a low 
copper diet . The addit ion of copper alleviated t he anemi a and diarrhea o 
Cyst ine (0.94%) l ed t o increased anemia 9 di arr hea, and deaths when it 
was added t o the low copper di et. These workers sugges ted t hat a drop 
in liver sulfide oxidase , caused by mol ybdenum, leaves t he animal open 
to sulfide poisoning and that t he copper deficiency may be due t o t he 
precipitat ion of CuS. Siegel and Monty (1961 ) report ed that molybdenum 
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decreased sulfide oxidase activity and that both copper and sulfate re-
turned it to normal. Scaife (1956b) reported the inhibition of two 
copper containing enzymes by molybdenum and suggested molybdenum may 
interact with copper by i nhibiting copper containing enzymeso 
Phosphorus 
Davis et al. (1953) found that in Florida 8 where copper deficiency 
--
is complicated by high levels of molybdenum, abnormali t i es in bone for-
mati on occur. He reported that molybdenum causes a loss of phosphorus 
from the body as wel l as a depressed absorption of feed phosphorus if 
the copper content of the ration is low. A similar bone condition has 
been observed in copper deficient dogs (Baxter, 1951). These typical 
symptoms of rickets are overcome if the animals are fed copper sulfate 
(Comar et al., 1949 9 Arrington and Davis~ 1953). 
--
Shirley e~ al o (1950, 1951), using 32P, 99Mc, and 64cu , found 
--
losses of phosphorus from t he bodies of steers and rats to be two t o 
three times normal when t he diet contained l ess than requirement levels 
of copper and excessively high levels of molybdenum. These bone ab= 
normalities have been associated with altered alkaline phosphatase 
activities. The activity of this enzyme is apparently increased in 
liver (Van Reeni 1954 ) and blood (Comar !!,!!,• 9 1949) during conditions 
of low copper 9 high molybdenum intake . These conditions produce a 
lower enzyme activity in the kidney (Van Reen and Williams, 1956; 
Mills et al., 1958). 
--
Protein 
Copper has a great chelating affinity for amino acids 0 peptides 0 
and proteins (Chaberek and Martell, 1959 9 Dawson and Nair , 1950) . 
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Flinn and Inouye (1929) stated that this close affinity is demonstrated 
by the retention of Cuso4 in tissue following injection and the green 
staining of the intestinal walls by large oral doses of copper. 
White!!.:!• (1951) stated that the addition of casein to a puri-
fied diet, to give protein levels above 10%, reduced copper toxicity. 
McCall and Davis (1961) showed that 17.5% protein in rat rations in= 
hibited the accumulation of toxic levels of copper in the liver, but 
a 10% protein ration had no protective effect. Ammerman et al. (1963) 
--
reported that lambs fed casein had significantly lower liver copper 
levels than those fed soya. In contrast, Bunch et al. (1961) reported 
--
no copper- protein interaction when protein levels of 16 and 22% were 
fed to baby pigs. 
Vitamins A, E, Pantothenic Acid, and Choline 
Shirley et al. (1962) observed that when vitamin A supplementation 
--· 
was increased from 150 to 2000 I.U. per head daily there was less copper 
deposition in the livers of swine. When the daily copper intake was 
increased from 22 to 172 ppm there was a concurrent increas e in the 
l evel of vitamin A in the liver. Shirley!!,!!,• (1963) also reported 
that 25 9 000 I.U. of vitamin A per day significantly decreased copper 
deposition in the heart of steers. The addition of 250 mg. of vitami n 
E per day significantly increased the: level of copper in the heart . In 
contrast to these interrelations of copper and vitamin A, it has been 
shown (Kamstra et al. 0 1953; Halverson and Hart ~ 1950; Halverson and 
=-..,,,,., 
Hendricks 9 1955) that traces of a copper=iron-cobalt-manganese mi xture 
destroyed vitamin A activity in mixed rations. 
The addition of choline to a purified ration (White et al.~ 1951) 
"'""'"" """""" 
increases the absorption of copper. Pantothenic acid has also been 
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associated with coppel:' in that a deficiency of this vitamin may produce 
gray hair by blocking copper utilization for hair growth and melanin for= 
ma.tion (Hundley and Ing 9 1951). Less copper was found in the skin when 
pantothenic acid was deficient. Singer and Davis (1950) repo:r,ted that 
30 and 40 mcgo daily of calcium pantothenate overcame graying of rats 
on a copper deficient diet. Unna and Sampson (1940)~ however~ found 
no response to calcium pantothenateo These copper=vitamin interactions 
apparently need further investigation. 
Zinc 
Sutton and Nelson (1937), Smith and Larson (1946), Gray and Ellis 
(1950)~ and Davis (1958) reported that zinc levels abcve Oo5% of the 
ration produced anemia and subnormal growth that were corrected by the 
addition of coppero Brink et alo (1959) observed zinc toxicity at Oo2% 
== 
of the ration in swine fed about 5 ppm of copper. Excess dietary zinc 
also causes accumulation of zinc in liver and a rapid loss of live~ 
1958; Cox and Hal'ris: ~ 1960) o Dick ( l954a) reported thart 20 mg. of 
zinc in the daily ration of sheep did not limit liver ~oppel:' when the 
daily ration contained 30 mgo of copp~r 0 but a signifi~ant limit~tion 
was found when the zinc was increased to 100 mgo per dayo Data pre= 
~ented by Magee and Matrone (1960) illustrate this copper=zinc inter= 
relationship, with no zinc in the diet® liver copper@ ir©n 9 and zin~ 
and 452e2 ,PPm for respective minerals. In contrast@ Cox and Hale (1962) 
:!1:'eported that Oo4% zinc lowered liver iron 9 but not coppero Zinc at a 
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level of 0.2% did not effect either metal in swine. 
Van Reen (1953) found that a high level of copper in the liver, 
such as may occur with copper toxicity, resulted in almost complete eli= 
mination of zinc from liver tissueo The mechanism of these interrela= 
tionships is obscure, but Sastry and Sarma (1958) have suggested that 
the antagonistic effect of zinc on copper was a reflection of an inter-
ference on iron metabolism by zinc. The antagonistic effect of zinc 
on copper has suggested an interference with ~Opper-associated enzyme 
systems (Hill and Matrone, 1962). Serum alkaline phosphatase values 
are increased and cytochrome oxidase and catalase activities are de-
creased by feeding a high level of zinc (Van Reen, 1953; Luecke et al., 
. --
1958; Hoefer et al., 1960). 
--
Zinc deficiency, as well as toxicity, apparently allows some 
minerals to accumulate at faster or slower than normal rates. Moses 
and Parker (1964) observed that zinc deficient rats (fed 2,5 ppm zinc) 
tended to accumulate copper and iron in all tissues, but calcium and 
magnesium in bone were lowered. These changes were overcome by 10 
ppm of zinc. 
Other Trace Minerals 
Hill et al. (1964) stated that for an ion to be antagonistic to 
... ,,,,,,,,.,_ 
copper9 it should have a valence shell that is isoelectric with that 
of copper, it should have the favored coordination number of four, and 
form complexes of similar configuration (tetrahedral). Hill et al. 
"""""""""" 
(1963a 9b) 9 Hill et al. (1964), and Britton and Hill (1964) have ree 
--
ported cadmium and silver to increase the severity of copper deficiency 
symptoms, such as decreased growth~ aortic elastin content 9 and heme= 
globin concentration. Hodgson et al. (1962) stated "There are apparently 
"""""'.,,,..,, 
other conditioned copper deficiencies in which unidentified factors 
are responsible for low availability of plant copper to animalso 11 
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EXPERIMENTAL PROCEDURE 
Trial l 
Forty-nine lambs were randomly allotted, wi t hin sex, into nine 
groups of five and one group of four lambs. All sheep were drenched 
with a phenothiazine preparation and fed a ration containing urea and 
sulfate (Table IV) and 5.5 ppm of copper during a 7-day standardiza-
tion period. At the end of this period and following a 17-hour shrink, 
t he l ambs were weighed (average weight, 24 kg.) and randomly placed on 
t heir respective treatments. Sulfate was the source of sulfur (0.20% 
S) and copper levels supplied by cupric carbonate were o, 5o5 9 11 9 22 9 
44 1 88 9 176 9 352 9 704, or 1408 ppm of t he diet. 
The l ambs were housed indoors in individual pens on concrete 
floors. Feed and wat er were provi ded free choice. Wei ghts 9 without 
shrinking 9 were t aken at 14=day intervals during the experiment and a 
final shrunk weight 9 after 17 hours away from feed and water 9 was taken 
at the terminat i on of the 56=day growth trial . Initial and final hemo= 
globin values were determined by use of an AO Spencer Hb meter . Per= 
cent packed cells were determined using a micro=hematocrit. The data 
were analyzed statistically by analysis of variance. 
Trial 2 
Eighteen lambs with an average initial shrunk weight of 25 kg. 
were randoml y allotted 9 within sex, to six groups of t hree lambs 
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TABLE IV 
COMPOSITION OF PURIFIED DIETS 
. !;f 
Urea diets ~ Pur'l:flf:~a soy,Ets ' 
Sulfate Elemental sulfur Sulfate ~lemental s"uifu"r 
Ingredients % % % % 
Corn starch 29.4 29o4 24.6 24.6 
Dextrose 29.4 29.4 24.6 2406 
Cellulose a 30.0 30.0 30.0 30.0 
b Urea 4.2 4.2 
Purified soy protein c 13.6 1306 
Corn oild loO 1.0 loO 1.0 
Polyethylene resin e 1.0 1.0 1.0 1.0 
Choline chloride 0.1 Oal 0.1 0.1 
Vitamins A and Df 0.02 0.02 0.02 0.02 
Minerals s.og s.oh s.os s.oh 
aSolka=Floce B=W 200 Brown Co. 9 Berlin, N. Ho 
bCrystalline urea. Courtesy John Deere Chemical Co.~ Pryors Okla. 
cPurified soybean protein. Nutritional Biochemicals Corp.~ Cleveland® 
Ohio. 
d Mazolae Santoquin added to give 0.0125% in total ration. 
e Alathon. E. I. Du Pont de Nemours 0 Inc. 0 Wilmington~ Del. 
f 20,000 Io U. and 29500 UoSoPo units of vitamins A and D pev gvam. 
icomposition of sulfate (0.20%S) diets,%; K2co31 44.33 9 CaliP04~ 
26.50, MgSOy.e 10000 9 Na2so4~ 5.00 9 NaCl 9 12.50; FeSOY. 9 0.85; MnS01.,1.• H20® 
0.23; Na2B4o7, o.25; Znsoy.• 7H2o, 0.30; Klt 0.0003, car2 , o.oo4i cr2(so4)3 ® 
o.ooos; Na2Mo0 4• 2H2o, 0.01; CoC1•6H2o, 0.0009, Na2seo4~ o.ooos. 
hComposition of elemental sulfur (0.20%S) diets 0 %: elemental sulfur, 
4.00; K2C0 39 44.33; CaHPOy.i 26.50; MgC03°Mg(QH) 2°3H2o~ 8.15 0 Na2co3~ 3~70~ 
NaCl, 12.so; FeCl2°4H20@ 1.10, MnC03~ 0.15; Na2By.07, o.2s; ZnC030 o.13; 
Kl® o.0003; CaF2, o.004, Cr2(C2H302}6•2H200 0.001, Na2Mo04°2H209 0.01. 
cac12°sH2o, 0.0009& Na2seo4 , o.ooos. 
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per treatmento Treatments in this 55°day growth trial consisted of a 
urea ration containing either sulfate or elemental sulfur and with 
copper levels of Sos, 55~ and 550 ppm being fed with each sulfur source ® 
thereby providing a 2 x 3 factorial arrangement of treatmentso The 
compositions of the rations are shown in Table !Vo Statistical 
analyses were conducted by analysis of variance and when the F test 
was significant, orthogonal comparisons among copper levels were made. 
Plasma copper was determined by the method of Cartwright et alo (1945 )0 
--
Other details of experimental procedure were as described in Trial 1. 
Trial 3 
E.ighteen lambs wit h initial shrunk weights of about 26 kgo were 
randomly allotted 9 within sex, to three per groupo A purified soybean 
protein ration, containing sulfate and 5.5 ppm of copper 9 was fed 
during t he 7=day standardization periodo Treatments in this 56- day 
growth trial consisted of the purified soybean ration containing sul= 
fate or elemental sulfur (Table IV) and copper levels of 5c5 9 55a and 
550 ppm being fed with each source of sulfur to give a 2 x 3 factorial 
arrangement of treatmentso At the termination of the feeding trial~ 
a sample of liver was removed by laparotomy and analyzed for copper 
by the method of Sandell (1959). Other details of procedure were as 
described i n Trial lo 
Trial 4A 
Liver s amples were obtained for copper analysis from 20 lambs by 
laparotomy 16 days prior to t he start of t he trial. During this 
period 9 all l ambs were fed a standard ration and were injected with 
39 
two million units of procaine penicillin G. The lambs were then assigned 
to treatment groups on the basis of initial liver copper level and seK 
(3 ewes and 2 wethers per treatment). Shrunk weights were taken and 
the animals placed directly on their experimental rations. Average 
initial shrunk weight in this 60-day trial was 30 kg. and the treatments 
were as follows i Urea with sulfate or elemental sulfur and purified 
soybean protein with sulfate or elemental sulfur, giving a 2 K 2 fac-
torial arrangement. All rations contained 550 ppm of copper. Compo-
sitions of these rations are shown in Table IV, except that 5.oi 
cottonseed hulls replaced an equal amount of cellulose. Other pro-
cedures were as described previously. 
Trial 4B 
Four approximately equal groups of three wether lambs with aver-
age initial weights of 36 kg . were fed the rations described in Trial 
4A. The animals were randomly assigned to treatments and placed i n 
metabolism stalls described by Briggs and Gallup (1949) during which 
time a 20=day adjustment period was followed by successive lO=day pre= 
liminary and collection periods. During the adjustment period~ each 
lamb was fed ad libitum and water was avail able at all times. The 
daily feed allowance for each animal was held constant during t he pre= 
liminary and collection periods; the amount of feed given each animal 
was the same as that volunt aril y consumed by t hat animal duri ng the 
adjust ment period. Feces and urine were collected and prepared for 
analyses by methods described by Tillman and Swift (1953). Nitrogen 
and sulfur contents of feedsi fecest and urine were determined by 
procedures of A.O~A.C. (1960). Copper was determined by a method of 
Sandell (1959). 
Trial 5 
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Twenty-four wether lambs having initial weights of about 40 kg. 
were allotted at random to eight groups of three per group. Treat-
ments included sulfate or elemental sulfur as sulfur sources, urea or 
purified soybean as nitrogen sources, and copper levels of 5 and 100 
ppm in a 2 x 2 x 2 factorial arrangement of treatments. Compositions 
of the rations are shown in Table IV, with the exception that s.0% 
cottonseed hulls replaced an equal amount of cellulose in all rations. 
Calcium and phosphorus were determined by procedures of A.O . A.C. (1960). 
All other procedures were as described in Trial 4B, except each animal 
was fed 700 gm . of his assigned ration daily. 
Trial 6 
Thirty-two crossbred l ambs were blocked into eight groups of four 
lambs on the basis of initia l weight 9 sex, source 9 and feeding location. 
All sheep were wormed with a phenothiazine=lead arsenat e bolus 0 placed 
in individual pens on slatted floors 9 and fed a standard ration for 14 
days prior to the start of the experiment. Initial shrunk wei ghts were 
taken after 17 hours off feed and water and the lambs randomly allotted 0 
within blocks 9 to their respective treatments ofg soybean meal 0 soy= 
bean meal plus 1.0% urea~ autoclaved soybean meal~ and autoclaved soy= 
bean meal plus 1.0% urea. The composition of t he semipurified rations 
fed in a 2 x 2 factorial arrangement of treatments are shown in Table v. 
All rations contained 100 ppm of copper 9 0.10% sulfur~ and 2 ppm of 
molybdenum in addition to the levels of each supplied by the soybean 
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TABLE V 
COMPOSITION OF RATIONS FED IN TRIAL 6 
soxbean Meal Autoclaved soibean Meal 
No loOi No 1.oi 
In;redients 1 % urea urea urea urea 
Soybean meal 20.0 20o0 20o0 20o0 
Dextrose 22.0 21.s 22.0 21.s 
Corn starch 22o0 21.s 22o0 21.s 
Cellulose a 30o0 30o0 30.0 30.0 
Corn oilb l.0 loO 1.0 1.0 
Vitamins A and Dc 0.02 0.02 0.02 Oo02 
Urea d 1.0 1.0 == 
Mineralse SoO SoO s.o SoO 
a Solka-Floco B=W 20. Brown Co., Berlin 9 N.H. 
b Mazola. Santoquin added to corn oil to give 0.0125% in total 
ration. 
c20 1000 I. u. and 2,soo u.s.P. units of vitamins A and D per gram 
dcrystalline urea. Courtesy John Deere Chemical Co., Pryor 9 Okla. 
eComposition of mineral mixture, %g elemental sulfur, 2.00; K2co3 j 
44.33; CaHP049 26.5; MgC03° Mg(OH) 0 3H20' a.is, Na co3, 3.70; NaCis 
12.50; FeCl2 • 4H2o, 1.10; MnC03 , 6.15; Na2B4o7 , 0.~5, ZnC0 3 , 0.13 9 KI, 
0.0003 9 CoCI2• 6H20 9 0.0009; CaF2 e 0.004; Na2Mo04 • 2H2o! OoOl; NaSe0 45 
?•0005 9 Cr2(~2H3o2)6• 2H2o, O.OOI, CuC0 3• Cu(OH) 2 (to give 100 ppm Cu 
in total rationJ, 0.35. 
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meals. Proximate composition of the rations (A.OaAoCo~ 1960) were 
5.8% ash, 2.2% ether extract, and 2200% crude fiber. The crude pro~ 
tein (N x 6.25) content of rations with added urea was 13.7% 9 while 
those without urea contained 10 o 8% o Protein solubility ( Lyman et alo i 
=~ 
,1953) was 76.8 and 2802% for nonautoclaved and autoclaved soybean 
meals 5 respectivelyo 
All lambs were weighed at l4=day intervals during the experiment 
and a 17=hour shrunk weight preceded the final weighing. Three blocks 
of lambs {12 head), all from one sources were weighed off the experi= 
ment after 44 days because a lamb fed autoclaved soybean meal and 
another fed autoclaved soybean meal plus 1.0% urea showed symptoms of 
copper toxicity. All other lambs were fed for 77 days. Feed and water 
were available ad libitum. Liver samples were obtained by laparotomy 
on all animals immediately after they were removed from the trial. 
Blood samples were taken by jugular puncture prior to the start and 
at the termination of the trial. Plasma and liver copper were deter= 
mined by procedures outlined by Cartwright !,!!1,o (1945) and Sandell 
(1959)~ respectively. Statistical analyses of the data were by 
analysis of varianceo 
RESULTS 
T:r:>ial l 
Although not statistically significant (P > .05) 9 animals receiv-
ing no copper apparently had lower feed intakes and gains than those 
which received copper (Table VI). Other differences between copper 
levels were not significant (P > .05) in any response criteria. There 
were no external signs of copper toxicity during the 56-day trial or 
during a 45sday period after the trial ended. During the latter period, 
all animals received a general purpose sheep ration which contained 13% 
crude protein and 15 ppm of copper; Boughton and Hardy (1934) had re~ 
ported that sheep continued to die from copper poisoning fo:r;, five 
months after the copper level was reduced to normal levels. 
Trial 2 
Gaini feed consumption 0 and gain/100 gm. feed (Table VII) were 
greater (P < eOl) for sheep fed sulfate than for those fed elemental 
sulfur. When the results were pooled across both sulfur sources and 
tested in orthogonal comparisons, the sheep fed 5.5 and 55 ppm of 
copper had more efficient (P < .Ol) feed conversions than those fed 
550 ppm of coppero With the exception of the elemental sulfur r~tion 
which contained 55 ppm of copper 9 gain/100 gyrto feed decreased as the 
copper level increased. Lambs fed elemental sulfur showed little change 
43 
TABLE VI 
EFFECTS OF VARIOUS COPPER LEVELS ON LAMBS FED A UREA AND SULFATE CONTAINING PURIFIED DIET 1 TRIAL l 
Standard Error' 
Copper level, ppmo 
No. of lambs 
AvQ daily gaing gmo 
Avo daily feed 9 gmo 
Gain/100 gm. feed, gmo 
Hemoglobin 9 &mo/100 mlo blood 
Av. Initial 
Av. final 
Avo change 
Hematocrit 9 % 
Av. Initial 
Av. final 
Av. change 
0 5a5 11 22 44 88 176 352 704 1408 of Treatment 
5 5 5 4b 5 5 5 5 5 3b 
54a4 77.1 63o5 90o7 7206 8106 63o5 8602 6800 8602 
717 789 889 993 789 812 807 844 816 844 
6080 9o36 6037 9ol5 9o47 9o92 7o32 10o2 8038 9ol3 
1308 
1206 
=lo2 
40ol 
36o0 
=4ol 
13o4 
l~o3 
=lol 
39o5 
36 0 8 
=2.7 
12o4 
1108 
=006 
37o2 
36o3 
=0o9 
12o4 
12o5 
0.1 
35.6 
35.7 
Ool 
13.3 
1208 
=0.5 
38o4 
360 7 
=1.7 
13ol 
12ol 
=LO 
3606 
36ol 
-Oo5 
12o9 
12o0 
-0.9 
37.8 
34o9 
=2o9 
1206 
llo5 
=lol 
36.l 
33o4 
=,2o7 
13.0 
11.6 
=l.4 
38o0 
3406 
-3.4 
12.5 
11.5 
=l.O 
37.8 
33o4 
=4o4 
Means a 
18.l 
77.l 
1.87 
o.55 
1.67 
aThe standard error when three per treatment is the reported standard error times ./'"s73 and four per 
treatment is the reported standard error times~ 
bone animal removed from each of these treatments because of failure to go on feed. 
+ 
+ 
TABLE VII 
EFFECTS OF SOURCES OF SULFUR AND COPPER LEVELS ON LAMBS FED A UREA CONTAINING PURIFIED DIET, TRIAL 2 
Sulfur Source Sulfate ( 504 ) Elemental Sulfur (S) Stafna.TardtmErrotr 
o rea en 
Copper Level£ ppm . 5o5 55 550 5 o5 55 550 Means 
Noo of lambs 3 3 3 3 3 3 
Avo daily gai n 9 gmo: 12700 127 00 86 02 =9ol OoO =400 8 22 o7 
Av. daily feed i gm o 1034 1188 1129 572 671 454 159 
Gain/100 gm o feedg gmo c 12013 100 37 6 050 =2o 20 =0 o60 =8 083 lo39 
Hemogl obin~ gm o/100 mlo blood 
Avo Initial 12o7 12o4 14o2 13 o2 13ol 13o0 
Av o final 120 6 12o 0 1306 llo4 llo9 1108 
Av o change =Ool =0o4 =0 06 =lo 8 =lo 2 =lo2 Oo63 
Hemat ocri t ~ 
Av o Initial 35o0 35ol 3808 3606 38ol 37o 5 
Av . final 33o5 30.o 5 35o0 30o9 3208 3lo5 
Av o change =lo5 =406 =3 08 - 5. 7 =5o3 =6 00 lo39 
Plasma co22er1 mcg o/100 ml o 
Avo Initial 11600 120ol 12lol 12607 108 09 12906 
Avo final d 72o7 8708 9l o5 11709 11002 14103 
Avo change =43o3 =32o3 =2906 =808 lo3 1L7 9 o9 
aGain o S04 > S(P < oOl )o 
bConsumptiono S04 > S ( P < oOl) 
cEfficiency o S04 > S ( P < oOl) and 5o5 and 55 > 550 (P < .Ol)o + 1.11 
d Loss of pl asma coppero S < S04 (P < oOl) o 
in plasma copper level while those fed sulfate had a marked decrease 9 
indicating that the sulfate ion depressed copper absorption. 
Trial 3 
This trial was a replica of Trial 29 except that purified soybean 
protein was used as the nitrogen source. Lambs fed 550 ppm of copper 
had higher (P < .Ol) liver copper levels and greater (P < .05) changes 
in plasma copper than those fed 5. 5 or 55 ppm of copper (Table VIII). 
The data indicate a trend toward improved gains and feed efficiencies 
as copper level increased. 
Trial 4A 
Table IX exhibits the results of adding 550 ppm of copper to the 
urea or purified soybean rations~ which contained sul fate or elemental 
sulfur. Tests of simple effects were made by methods described by 
Steel and Torrie (1960) for factorial analyses. Since the interaction 
was significant 0 the results depended on both factors ~ therefore 9 only 
simple effects are presented . Gain 0 feed consumption 9 and gain/100 
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gm. feed were lowered (P < .Ol) when the combination of urea and ele= 
mental sulfur was fed; this combination also produced the highest liver 
copper values (P < .Ol). Liver copper levels were l ower (P < .Ol) in 
lambs fed the combination of isolat ed soybean protein and elemental 
sulfur than in those fed urea and element al sulfur. These results in= 
dicate that both sulfate and protein act t o prevent absorption of copper. 
Initial .plasma copper values 9 which were taken following the removal 
of initial liver samples 0 were high (207 mcg./100 ml. plasma) possibly 
TABLE VIII 
EFFECTS OF. SOURCES OF SULFUR AND COPPER LEVELS ON LAMBS FED A PROTEIN 
CONTAINING PURIFIED DIET, TRIAL 3 
Sulfur Source StandaM Error · Sulfate (so4) Elemental Sulfur (S) Copper Level 11 of Treatment 
~Emo 5o5 55 550 5o5 ~~ 558 Means 
Noo of lambs 3 3 3 3 3 , 
Av. daily gain 9 gmo 8602 11709 13105 12700 12205 1"9o7 1306 
Avo daily feedi, gm" 1170 1184 1256 1279 1225 1391 7206 
Gain/100 gmo feedi gm. 7o53 100 09 10033 9o76 9o83 ;l,Oo81 1~31 
Final ·liver copper~ ppm. 218 248 918 235 458 117) 172 
Do Mo basis a 
Hemoglobini ~o/100 mlo blood 
Ava Initial 1106 12.3 11.5 12.0 llo7 l2o2 . 
Av. final . 11.2 12o3 llo3 11.9 12o3 12.1 
Av. change =0o4 o.o =0o2 ~0.1 006 -Ool 0 .59 
Hematocrit 12 % 
Avo Initial 32.0 35.4 32o2 32.7 34.7 34.4 
Av. final . 32.9 36.l 31.4 3408 35.9 35.0 
Av. change 0.9 0.1 =008 2.1 lo2 o.6 2o64 
Plasma Co2Eer12 mcgo /100 mlo 
Av. Initial 75.3 76.0 69.5 106.9 93o5 85o9 
Av. final b 80.l 81.l 100.0 95o5 89ol 11806 
Av. change 408 5.1 31.3 -11.4 -4.4 32.7 11.0 
aL . iver copper. 550 > 55 and. 5. 5 (P < .Ol). 
bChange in plasma copper. 500 > 55 and 5.5 (P < .05). 
.f: 
....J 
TABLE IX 
EFFECTS OF SULFUR AND NITROGEN SOURCES ON LAMBS FED 550 ppm OF 
COPPER IN A PURIFIED DIET, TRIAL 4A 
Nitrogen Source Urea Furifiea soi ~rotein 
Sulfur Source so4 s so4 S (·A) (B) (C) (D) 
No. of lambs 5 5 5 4 
Av. daily gain, gm.c 136.1 -40.8 163.3 176.9 
Av. daily feed 9 gm.c 1551 853 1406 1560 
Gain/100 gm. feedi gm. c 8.61 -5.57 11.57 11.26 
Hemoglobin 1 ~. /100 ml. blood 
Av. Initial 9.7 11.1 9.7 9 .6 
Av. final 11. 7 13.6 11.9 11.1 
Av. change 2.0 2 . 5 2.2 1 .5 
Hematocrit 1 % 
Av. Initial 28.6 30.6 27.0 26 .2 
Av. final 34.9 39.9 34.2 30.9 
Av. change 6.3 9.3 7.2 4.7 
Plasma Co2~er1 mcg. /100 ml. 
Av. Initial 203.7 184.5 204.3 219.5 
Av. final d 150.4 183.8 144.6 183.6 
Av. change 
-53.3 -0.7 -59.7 -35.9 
Liver CoE¥er 9 ppm 9 dry basis 
Av. nitial 382 388 383 378 
Av. finale 685 1902 630 1003 
Stanaara Error 
of Treatment 
Mean if' 
22.7 
99 . 8 
2.08 
0.49 
1.63 
18.9 
161 
aStandard error when four per treatment is reported standard error times 1"""574. 
bone lamb removed because of failure to recover from laparotomy to obtain initial liver samples. 
cGain 9 feed consumption 9 feed efficiency, and final liver coppe~ . Significant (P < .Ol) 
int eraction. Simple effects& A vs. B (P < .01), A vs . C (N.S.), D vs . B (P < .01), and D vs. C 
( N.S.). 
dChange in pl asma copper. so4 > S(P < . 05). 
.f= 
CX> 
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because of the surgery performed. Markowitz et alo (1955) and Gubler 
--
etalo (1952a) have also observed a significant rise in blood copper 
...... -
level of animals having either bacterial or turpentine infectiono The 
excitation caused by the operation could have also raised the plasma 
copper level (Robertson and Broome 9 1957). However 9 lambs fed sulfate 
had greater (P < .os) negative changes in plasma copper than those fed 
elemental sulfur. 
Trial 4B 
The effects of different sulfur and nitrogen sources upon the 
digestibilities of dry matter and nitrogen 9 and the retention of min= 
erals are shown in Table Xo The combination of soy protein and sulfate 
reduced both (P < oOl) the digestibility of dry matter and retention of 
sulfur. The urea-containing rations promoted greater (P < .Ol) digesti= 
bility and retention of dietary nitrogen 9 and (P < .os) retention of 
copper. Analysis of simple effects (Steel and Torrie, 1960) indicated 
that the combination of urea plus elemental sulfur lowered (P < .Ol) 
sulfur digestibility. 
Trial S 
A significant (P < .as) copper level by sulfur source interaction 
was obtained (Table XI) for dry matter digestibility. Analysis for 
simple effects indicated that the interaction was caused by a depression 
(P < .Ol) when sulfate rations containing 100 ppm of copper were fed. 
Copper level by nitrogen source interactions were obtained for 
nitrogen digestibility (P < .al) and nitrogen retention (P < .as). 
TABLE X 
BALANCE STUDY ON LAMBS FED 550 ppm. OF COPPER.AND .. TWO SULFUR 
AND TWO NITROGEN SOURCES 0 TRIAL 4B 
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=~"r:Tl- ::!l"~·t:r:-~-~-:::m;r•n-"X'Zln ~"1/ie,..,.._,.,..=re:rm:•-.. ..... ~ =""'" ~~ 
~...:;:;;:,C.,............. ......... ~.......,..,....._........'='=""-........,...........~ . :· :;p..!~!!L.~"'~11¥" .. 1"1'••1• .. .,. •• .!'., 
Nitrogen Source 
Sulfur Source 
Urea 
Purified Standard 
Sov Protein error of 
csr ~so~) '. "csr treatment 
(B) (C) {D) means 
c~ . .-,~~-'"""'""'~,., ... -.,.=,....,..~-=---=~.:::·~~~=====~=· =======-~~ i.,.. ·e _,._... •r 
Av .• dail fntake !I mo 
Feed 
Nitrogen 
Sulfur 
Copper 
~l'L,,,~~E 
Digestibility, %a 
Nitrog,;n 
3 
1200 
20.92 
2.40 
o.66 
Digestibility~ %b b 65.63 
Retention®% of intake 62.10 
Sulfur 
"" 
D• 'b'l' aC 1ges ti 1. 1 ty ~ '11 d 
Retention~% of intake 
Retention~% of intakee 
65.89 
320 73 
3 3 
636 1200 
llo09 20098 
1;27 3.19 
0.35 0.66 
65.39 
68.92 
61.92 
29.62 
24.54 
lL35 
59044 
54.85 
50.91 
63.86 
L68 
=llo88 
3 
1067 
18.65 
2.84 
0.59 
65.21 1.45 
6lol3 2.22 
57.45 2.18 
44.24 2.85 
33.91 8.66 
aDry matter digestibilityo Significant (P < oOl) Interactiono 
Simple effectsg A VSo B (NoSo) 9 A VSo C (P < .Ol)~ D VSo B <NoSo)© and 
D vs. C (P < .OS)o 
bN, d' 'b'l' d ' U 1 P 01) 1 trogen iges ti 1 1, ty an retention o rea ~ soy , < a a 
0 sulfur digestibilityo Significant (P < .Ol) Interactiono Simple 
effectsg A VSo B (P < oOl)~ A VSo C (NoSo)i D VSo B (P < .Ol)© and D VSo 
C (P < .Ol)o 
dSulfur retention. Significant (P < aOl) Interaction. Simple 
effectsg A VSo B (NoSo) 9 A VSo C (P < oOl)® D vs. B (NoSo)~ and D VSo 
C (P < .Ol). 
ec o opper retent:i.on. Urea> soy (P < o05)o 
TABLE XI 
BALANCE STUDY USING TWO LEVELS OF COPPER AND TWO SULFUR AND TWO NITROGEN SOURCES• TRIAL 5 
Nitrogen Source Urea Purified Sol Protein 
Sulfur Source so s so4 s 
COEEer level~ Pffflc 5 4 100 5 100 5 100 5 100 
No. of lambs 3 3 3 3 3 3 3 3 
Av. daill intake 
Feed 0 gmo 700 689 700 700 700 700 692 664 
Nitrogen 9 gm. 13.09 12.88 13.09 13.09 13.86 13.86 13.70 13.15 
Sulfur i) gm. 1.40 1.38 1.40 1.40 1.86 1.86 1.84 1.77 
Copper 0 mg. 3.50 68 .90 3. 50 70.00 3,50 70,00 3 .46 66.40 
Calcium 9 gm . 2.52 2.48 2.43 2.43 2.95 2. 95 2 .46 2.36 
Phosphorus 9 gm. 2.10 2.07 1.94 1.94 2.58 2.58 2~01 1.93 
Dry Matter 
Digestibility 9 %a 77.07 73.26 76.35 76.27 80.55 68.85 78.62 77.49 
Nitrogen b 
Digestibility 9 % 68.96 69 .99 69.11 72 . 80 67 . 94 64.26 70.80 65 .35 
Retention il % of intakec 64 .73 64.66 64.45 67.45 63.98 59.84 67.81 62.68 
Sulfur d 
Digestibility 9 % 71.95 73.11 45.42 50.13 73.25 68.60 55.87 45.34 
Retention 9 % of intakee 20.76 18.03 34.51 38.36 9.14 =2.82 33 . 55 23.15 
Co~ f 
etention 0 mg./day =8.67 o.os =9.43 6.30 =9.33 -1.90 -12.10 · o.49 
Calcium 
Retention il % of intakeg =39.Bl =63.07 -25.40 =8.74 -23.65 =20.38 -5.80 -14.69 
Phosphorus h 
Retention i) % of i ntake 9.97 =13.01 1.36 11.17 12.14 1.23 15.69 13.04 
Standa@ 
error of 
treatment 
means 
2.25 
1.53 
1.61 
3.08 
5.38 
3.13 
9.20 
6.31 
U1 
..... 
TABLE XI (Continued) 
aDry matter digestibilityo 
interaction. Significant simple 
so4 vs. cu100- s (P < .o5). 
Significant (P < 005) copper level by sulfur source Cu 
effectsi cu100=S04 vs. cu5=S04 (P < .01) and cu100- 5 
bNitrogen digestibility. Signi ficant 
interactiono Significant simple effects i 
Cu100-soy vs. Cu100=urea (P <.01) 0 
(P< oOl ) copper level by nitrogen source 
cu100=soy vs. cu5-soy (P < . 01) and 
cNitrogen ratention o Significant (P < . 05) copper level by nitrogen source 
interaction. Significant simple effects : cu100=soy vso Cu5-soy (P < .Ol) and 
cu100-soy vs. cu100-urea (P < . 01) . 
dSulfur digestibility. SO~> Sand significant (P < .01) copper level by 
nitrogen source interactiono Significant simple effects: Cu5-urea vs. Cu5-soy (P < .Ol)i cu100-urea vso cu100=soy (P < .05), and cu100-soy vs. Cu5-soy lP< .01). 
eSulfur retention. Urea> soy (P < oOl) and S > so4 (P < 001). 
fCopper retention . 100 ppm > 5 ppm (P < .01). 
gCalcium retention. Soy> urea (P < .o5) and S > so4 (P < . 01) . 
hPhosphorus retention. Significant (P < .05) copper level by sulfur source 
interactiono Significant simple effectsg cu100-so4 vso Cu5-so4 (P < .01) and 
Cu100-so4 vso Cu100=S (P < 001) 0 
CulO 
cu5 
CulO 
cu5 
CulO 
cu5 
CulO 
cu5 
CulO 
( 
( 
so4 
78.81 
1:-:c 
," 71.06 
u 
69.04 
1 ,: 
71.40 
64.59 
66 .06 -J -!: 
u 
58.68 1 {: 
61.62 , 
so4 
11.06 
~,, 
-5.89 -J '!: 
s 
77 0'+8 
76.88 
s 
69.37 
)t1( ' 
64.80 
s 
65.90 
,·n-c 
61.26 
s 
., 
64.56 
1:~ 
56 097 
s 
8.52 
12.10 
-
(.]1 
tv 
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Th~se interactions were caused by the depression (P < oOl) obtained when 
soybean rations contained 100 ppm of copper. 
The digestibility of sulfur 1 as indicated by simple effect analyses 
(Steel and Torrie 9 1960)t was reduced (P < oOl) by feeding soybean pro= 
tein rations containing 100 ppm of copper. Main effect analyses indi= 
cated that sulfur supplied as sulfate was better digested (P < oOl) 
than elemental sulfuro When sulfur retention was the response criteria® 
urea was superior to soy p'rotein (P < .Ol) and elemental sulfur was 
superior (P < oOl) to sulfate. 
Copper retentions are reported in mg./day because of the diffe~ences 
in copper intakes. More copper was retained (P < .Ol) when 100 ppm were 
fed than when lambs consumed rations containing 5 ppm of copper. 
More calcium (P < .os) was retained when soybean protein rations 
were fed than when urea was the nitrogen source. Lambs consuming 
elemental sulfur also retained more calcium than those fed sulfate 
(P < .01). A significant (P < .os) copper level by sulfur source in= 
teraction was obtained for phosphorus retention. Simple effects showed 
this measurement to be depressed (P < aOl) by feeding sulfate rations 
with 100 ppm of coppe~. 
Tri~l 6 
The results of this experiment are shown in Table XIIo Differences 
in gain~ feed ©onsumption~ feed effidenieye and changes in hemoglobin® 
hematocrit 0 and plasma copper were neit signifkant (P > 005); howevers 
final plasma copp~r values tended to be higher in those lambs fed the 
autoclaved soybean mealo 
TABLE XII 
EFFECTS or PROTEIN SOLUBILITY ON THE PERFORMANCE AND .COPPER STATUS 
OF LAMBS FED 100 ppm OF COPPER 
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Soybean 
Meal 
Autoclaved~ Standard"""' 
No. of lambs 
Av. initial wt. 9 kg. 
Avo daily gain 9 gm. 
Av. daily feed~ kgo 
Gain/100 grno feed~ gm. 
Final liver copperf, 
dry basis t ppm. 
Avo Initial 
Avo final 
Avo change 
Hematocrit ~ % 
e:tr'l':~il!!!...!'!l-'·P.-?I 
Avo Initial 
Ava final 
Ava change 
Avo !:!'llitial 
Avo final 
Ava change 
No 1.0% 
Soybean Meal Error of 
No lo0% Treatment 
Urea Urea Urea Urea Means 
tr 
8 
28.9 
111.0 
1.10 
10.15 
1480 
132.7 
l5lo9 
19.2 
8 8 
30o5 28o4 
118.6 106.1 
1.19 1.07 
9.69 10.os 
1300 ·1755 
11.7 
1306 
l.9 
33.9 
37.8 
3o9 
8 
28.8 
111.2 
1.14 
9.80 
2120 
12.1 
13.8 
le 7 
12a.s 129.1 1aa.2 
137.B 162.1 172.0 
14.2 32.4 3808 
198 . 
0.52 
lo61 
11.8 
a 2 Autoclaved at 124°C. and 1.27 gm./cm. pressure for 2 hours. 
b Autoclaved soybean meal> soybean meal (P < .025). 
Lambs fed autoclaved soybean meal stored more (P < .025) copper 
than lambs consuming unheated soybean meal rations. Urea had no effect 
on plasma or liver copper levels. As this level of urea increases the 
ruminal ammonia level (Lewis~ 1957) 9 these data along with those of the 
previous trials indi~ate that the presence of ammonia in the rumen does 
not affect copper abso:r;,ptiono 
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DISCUSSION 
Results of both mineral balance trials showed that the presence of 
high levels of copper lowered the digestion and retention of protein-
nitrogen but not urea- nitrogeno The sheep fed protein rations also 
absorbed less copper than those fed urea. Since copper chelates with 
amino acids 9 peptides, and proteins (Flinn and Inouye, 1929; Dawson and 
Nair 9 1950; Fruton and Simmonds 9 1953) 9 the formation of such copper= 
protein complexes offers a possible explanation of the lowered reten= 
tions of both copper and nitrogen in sheep fed high copper=soybean 
protein rationso White et ala (1951) found that protein levels above 
"""""-=-
10% reduced copper toxicity while McCall and Davis (1961) showed that 
17.5% protein inhibited the accumulation of toxic levels of copperi but 
a 10% protein ration had no protective effect in rats. Mills (1958) has 
suggested that copper is normally absorbed in the form of organic com= 
plexes that are capable of direct absorption becau~e of their molecular 
size and solubility; therefore 9 copper-protein complexes may not be 
absorbed because of their large size. The results of Trial 6 are in 
accord with this ideag lambs fed autoclaved soybean meal stored more 
copper than lambs consuming unheated soybean meal rations. Autoclaving 
the soybean meal lowered the solubility of its protein and poorly 
soluble proteins remain unseparated 9 while soluble proteins are dis= 
persed and surrounded by the medium (Gurd and Wilcox 9 1956). The 
autocl aved soybean meal rations could, therefore 9 be expected to have 
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less protein in solution to react with copper for the formation of 
copper=protein complexeso The results of Ammerman et al. (1963) also 
"""""""""" 
bear upon this pointo They found that lambs fed soybean meal had 
higher liver copper values than those fed casein 9 a highly soluble 
protein (Chalmers et al.$ 1954; Chalmers and Synge, 1954)0 
- """""' 
The present experiments also show that 0.20% sulfur as sulfate 9 
in the presence of 2 ppm of molybdenum, significantly lowered the ab= 
sorption of copper. This reduction was not found when the same level 
of sulfur was added as elemental sulfur, indicating that elemental 
sulfur is not utilized via the formation of a hydrogen sulfide inter= 
mediate as was found with sulfate (Lewis 9 1954). Several wo:t"kers 
(Wynne and McClymont, 1956, Mylrea 0 1958 9 Evans and Davis 9 1963) re= 
ported that high levels of sulfate reduce liver copper stores in the 
presence of low levels of molybdenumo 
Sulfur digestion and retention data indicate that the highly 
soluble sulfate was readily digested 0 but because of large urinary 
losses the retention of sulfate=sulfur was low. Similar results have 
been found for nitrogen retention when highly soluble proteins were 
fed to sheep (Sherrod and Tillman@ 1962). In Trial 5 9 urea signifi= 
cantly improved the retention and 100 ppm of copper with soybean pro= 
tein significantly lowered the digestion of both sources of sulfur. 
Both urea and sulfate significantly reduced the retention of 
calciumo Pensack !!!!: (1964) have shown that sulfate in poultl"Y 
rations increased the absorption of chlortetracycline and suggested 
that sulfate ions tie up calcium as calcium sulfate~ allowing the 
antibiotic to be absorbed from the duodenum~ while the calcium is ab= 
sorbed in the lower part of the tracte The results of the present 
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experiments indicate that sulfate lowered the amount of calcium avail= 
able to lambs. Calcium sulfide is possibly also formed in the rumen. 
Phosphorus retention was significantly reduced by sulfate in the 
presence of 100 ppm of copper. Other workers (Shirley et al.~ 1950~ 
"""""""""" 
1951; Davis et al. 0 1953) have observed excessive losses of phosphorus 
--
and abnormal bone formations when animals were fed low copper=high 
molybdenum rations. The present results indicate that phosphorus de~ 
pletion may also occur in high copper rations if sufficient sulfate 
ions are presente 
SUMMARY 
A series of growth and mineral balance trials involving 173 in-
dividuallyefed lambs were conducted to determine the effects of sulfur 
sources (sulfate and elemental sulfur) , nitrogen sources (urea and 
purified soybean protein), and copper levels on growth , liver storage 
of copper, and balance of nitrogen, sulfur, copper 9 phosphorus, and cal-
ciumo In addition, the effect of autoclaved and nonautoclaved soybean 
meals on copper storage was studiedo As shown by balance trials and 
liver analyses, lambs fed purified soybean protein did not retain or 
store as much copper as those fed urea. Also, the addition of sulfate 9 
but not elemental sulfur , decreased the· retention and liver storage of 
coppero 
Nitrogen digestion and retention in lambs fed soybean protein 
rations were significantly reduced by feeding 100 ppm of copper. The 
sulfate rations promoted the greatest sulfur digestibility, but because 
of large urinary losses 0 the retention of sulfur was greatest in those 
lambs fed elemental sulfur. Both urea and sulfate lowered the retention 
of calcium. Phosphorus retention was lowered by feeding 100 ppm of 
copper with sulfate rations. 
Lambs fed autoclaved soybean meal had significantly higher final 
liver copper values than those fed nonautoclaved meal . Other response 
criteria were not affected by feeding the two meals 9 with or without 
1% ureao 
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